Mesoporous metal-organic framework-5 (MOF-5), with the composition Zn 4 O(BDC) 3 , showed a high capacity for the adsorptive removal of Pb(II) from 100% aqueous media. After the adsorption process, changes in both morphology and composition were detected using a scanning electron microscope (SEM) equipped with an energy dispersive X-ray (EDX) system, Fourier transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS) analysis. The experimental evidence showed that Zn(II) liberation from MOF-5 structure was provoked by the water effect demonstrating that Pb(II) removal is not due to ionic exchange with Zn. A kinetic study showed that Pb(II) removal was carried out in 30 min with a behavior of pseudo-second-order kinetic model. The experimental data on Pb(II) adsorption were adequately fit by both the Langmuir and BET isotherm models with maximum adsorption capacities of 658.5 and 412.7 mg/g, respectively, at pH 5 and 45 ∘ C. The results of this work demonstrate that the use of MOF-5 has great potential for applications in environmental protection, especially regarding the removal of the lead present in industrial wastewaters and tap waters.
Introduction
As a result of intensive industrial activity, wastewaters have been increasingly contaminated by heavy metals capable of causing severe health and environmental problems. These undesired wastes are principally formed in the industrial production of fertilizers, batteries, paints, ceramics, glass, explosives, and photography products, as well as metal-extractive industries [1, 2] . Once heavy metals are introduced into living organisms (including humans), they tend to accumulate and promote a variety of physiological disorders [1] . Lead, in particular, is one of the most disturbing metals in the environment and is considered highly dangerous in terms of environmental risk. Exposure to lead can cause mental deficiency, convulsions, and reduction in hemoglobin production, which may cause anemia [3, 4] . To prevent environmental exposure, the US Environmental Protection Agency [5] has established a maximum concentration of Pb(II) in drinking water of 0.015 mg/L. As a consequence, industrial effluents containing high lead concentrations must be treated before being discharged into water bodies.
Different techniques are used to eliminate Pb(II) from wastewaters, including chemical precipitation, membrane filtration, ion-exchange resins, solvent extraction, adsorption, and coprecipitation [6] [7] [8] . However, the applications of these methods in some cases are costly with disadvantages such as incomplete removal and the generation of toxic wastes that require further treatment [7] . Adsorption, in particular, has shown promising results in water treatment in terms of easy operation, high removal efficiency, and its applicability for various pollutants. So far, different materials for removal 2 Journal of Nanomaterials of Pb(II) of water and wastewater by adsorption have been reported, such as dry desulfurization slag [9] , magnetic modified sugarcane bagasse [10] , hydroxyapatite [11] , biochar-alginate capsule [12] , and chitosan/Fe-hydroxyapatite nanocomposite [13] . The porous materials are generally considered as efficient adsorbents for organic compounds and heavy metals [14] [15] [16] .
Recently, a new class of mesoporous materials called metal-organic frameworks (MOFs) have attracted considerable attention as they combine properties of both organic and inorganic materials [15, 16] . Various studies using MOFs as adsorbent material for gas and organic compound removal have shown good adsorption capacities [17] [18] [19] [20] [21] [22] [23] [24] . However, only few studies have used MOFs as adsorbent material for heavy metal adsorption in aqueous media, and there is therefore scarce information about the possible interaction mechanisms between the adsorbent and the adsorbate. In particular, Bakhtiari and Azizian [25] have recently presented evidence of Cu 2+ adsorption in aqueous media with MOF-5 (consists of Zn 4 O inorganic moiety that acts as secondary building unit, coordinating to benzene 1,4-dicarboxylate, a bidentate ligand that acts as spacers, to form a three-dimensional structure). The authors suggested that the obtained 290 mg/g of Cu
2+
maximum adsorption capacity may be explained by the heterogenic surface of MOF-5 which contains different active sites for adsorption. However, they did not reveal sufficient information to explain the possible mechanisms of adsorption or interactions between adsorbent and adsorbate, as well as the effect of water (at 100%) on the morphology and structure of MOF-5 when it is known that, from 4% of water, MOF-5 may present changes in the crystalline morphology, superficial area, and pore size [21, 26] .
In this context, we found it necessary to further investigate the constitutive bonding interactions as well as the structural stability in aqueous media of the MOFs, in particular MOF-5. The main objective of this study was to better understand the behavior of MOF-5 during the adsorption process in aqueous media. For this purpose, MOF-5 was synthesized, characterized, and used as adsorbent material for the removal of Pb(II) from aqueous media (100%). The adsorption kinetics, pH influence, isotherms, and surface chemistry were investigated.
Material and Methods

2.1.
Reagents. All reactants and solvents were purchased from the Aldrich Chemical Co. MOF-5 was synthesized in a glass reactor equipped with reflux condenser and Teflon-lined stirrer; 2 g of terephthalic acid and 9.31 g of zinc nitrate hexahydrate were dissolved in 60 mL of N, -dimethylformamide (DMF) solution and heated up to 150 ∘ C for 4 h. After that, the product was cooled down to room temperature. The Pb(II) solutions were obtained by dilution from a stock solution containing 1000 mg Pb(II)/L to obtain metal concentrations from 30 to 200 mg/L. Aqueous solutions containing 0.1 M HCl and 0.1 M NaOH were used to determine the removal capacity of Pb(II) at different pH values.
2.2.
Characterizations. The size, morphology, and chemical composition of MOF-5 before and after the adsorption process were analyzed using a scanning electron microscope (SEM). The SEM was equipped with an energy dispersive Xray (EDX) system (Phillips XL30 model). Fourier transform infrared spectroscopy (FTIR) was achieved by the Thermo Nicolet Nexus 670 FT-IR spectrometer using KBr pellets. X-ray photoelectron spectroscopy (XPS) was achieved by the Thermo Scientific K-alpha spectrometer. Powder X-Ray Diffraction (XRD) patterns were obtained in a Bruker D8-Advance instruments with 40 kV, 30 mA for Cu K ( = 1.5416Å) radiation, with a scan speed of 1 ∘ /min and a step size of 0.02 ∘ in 2 .
Adsorptive Removal of Pb(II) from Aqueous Media.
MOF-5 (0.025 g) was weighed into an Erlenmeyer flask. Solutions (100 mL) of Pb(II) with concentrations ranging from 30 to 100 mg/L were used at initial pH at 5, without addition of NaOH or HCl, with a stirring velocity at 200 rpm for 6 h. All of the studies were carried out at 27, 35, and 45 ∘ C. After 6 h, centrifugation (15000 rpm during 20 min) was used to separate the MOF-5 from the solution, and filtration was performed using a nylon membrane with a 0.22 m pore size. The obtained solution was used for the measurement of Pb(II) concentration. To monitor the adsorption kinetics, samples were taken at various time intervals from an Erlenmeyer flask with an initial concentration of 200 mg Pb(II)/L, reacted at a pH of 5 and a stirring rate of 200 rpm for 6 h. To evaluate the possible liberation of Zn(II) due to aqueous conditions (100%), an additional set of experiments was performed under the same previous experimental conditions but without addition of Pb(II). The Pb(II) and Zn(II) concentrations were measured by flame atomic absorption using a Perkin Elmer AA800 spectrometer. All experiments were conducted at least in triplicate.
The adsorption capacity at equilibrium (in mg/g) was calculated using the following relation:
where 0 is the initial concentration of Pb(II) (mg/L), is the equilibrium concentration of Pb(II) (mg/L), is the volume of the aqueous solution (L), and is the weight of MOF-5 (g). occurrence may be due to humidity adsorption (presence of water) as reported by Rodríguez et al. [26] . However the XRD pattern obtained after the synthesis of MOF-5 ( Figure  1S) shows the MOF-5 characteristic peaks at 6.9 ∘ and 9.7 ∘ corresponding to a trigonal symmetry as reported in [30] . After Pb(II) removal, a significant change in the MOF-5 morphology took place resulting in a complex twinning rodshaped material (Figure 1(b) ). Moreover, significant changes occurred in the XRD pattern, where the disappearance of peak at 6.9 ∘ and a low intensity of peak at 9.7 ∘ (Figure 2 (b)) were observed. These changes may be explained by the effect of the aqueous medium on MOF-5. Greathouse and Allendorf [31] observed that at low water content the MOF-5 structure is maintained and that at higher water contents, 3.9% and 9.5%, the MOF-5 structure collapsed. This instability may lead to changes in pore size, material structure, surface area, and material diffusion [26, [32] [33] [34] [35] [36] .
Results and Discussion
The results of EDX analysis before and after Pb(II) removal (Figures 3(a) and 3(b) ) showed that after the adsorption process, the entirety of the 9.78% mass component of Zn(II) is missing, while Pb(II) amounting to 32.86% by mass has been adsorbed by the MOF-5 (Table 1) . In order to better explain the liberation of Zn(II) shown by the EDX analysis, complementary experiments were realized according to the methodology previously described (100 mL volume, pH 5.6, and 0.025 g MOF-5) in the absence and presence of Pb(II). It was observed that the liberated Zn(II) was 63.7 ± 1.7 mg Zn(II)/L in both cases. These results indicate that Pb(II) incorporation and the liberation of Zn(II) result from an adsorption process on the MOF-5 surfaces and that no ionic exchange took place, as has been the case in other reported studies [37] . The loss of Zn(II) in the MOF-5 structure may be due to the coordination of the Zn(II) contained in the Zn 4 O complexes with the oxygen atoms of the water through unbonded (electrostatic and van der Waals) interactions [31] , provoking the liberation of benzene dicarboxylate ion (BDC 2− ) which directly interacts with Pb(II).
FTIR Characterization.
The infrared spectra of MOF-5 samples before and after the Pb(II) adsorption process are presented in Figure 4 . For the sample of adsorbent material before the adsorption process, the characteristic MOF-5 signals observed at 1587 and 1359 cm −1 (Figure 4(a) ) correspond to the asymmetric and symmetric stretching of the C-O bond of the carboxylate group directly bonded to Zn, respectively [38, 39] . It is observed that for the sample extracted at the end of the adsorption process (Figure 4(b) ), the signal at 1587 cm −1 shifted to 1530 cm −1 . This change may be explained by the absence of Zn and by the union of the C-O bond of the carboxylate group to Pb, which is in accordance with the results of the EDX analysis. It has to be noticed that little absorption is observed for the coordination compounds in the 1800 to 2200 cm −1 range where only vibrations of C-O elongation are visible [40] . A characteristic signal of a CO metallic group is observed at 1955 cm −1 for both samples. Furthermore, the small bands observed in the 950 to 1225 cm −1 range (Figures 4(a)-4(b) ) correspond to the flexion of the plane of the C-H group present in the benzene ring of the BDC linker. The bands observed at 806 and 763 cm −1 are due to the flexion outside the plane of the C-H group present in the benzene ring of the BDC linker, and only differences in the intensity of the signals before and after Pb(II) adsorption are observed [41] . The wide bands observed at 3090 and 3161 cm −1 (Figures 4(a)-4(b) ) correspond to the O-H group of the water and indicate the presence of humidity that is frequently located in the metal coordination [42] .
XPS Characterization.
The XPS pattern of MOF-5 samples before ( Figure 5(a) ) and after ( Figure 5(b) ) the Pb(II) adsorption process shows peaks at 284.4 and 284.27 eV for C 1s and at 532.04 and 531.09 eV for O 1s, respectively. The XPS pattern of Zn 2p in MOF-5 is deconvolved into two peaks with binding energies assigned to Zn 2p 3/2 at 1022-1021.98 eV and to Zn 2p 1/2 at 1045.58-1045.19 eV. This is an indication of the presence of the BDC linker coordination which corresponds to the framework groups of the zinc carboxylate [43, 44] . Additionally, a significant decrease of the peaks intensity was observed after Pb(II) adsorption ( Figure 5(b) ), confirming the liberation of Zn(II). Furthermore, the signal located at 138.25 eV and corresponding to Pb 4f indicates the presence of lead in the adsorbent material, as reported in the formation of PbO [45, 46] .
Based on the evidence obtained by Greathouse and Allendorf [31] , we propose in this study a possible mechanism for Pb(II) adsorption on MOF-5 in aqueous media. The water molecules that are penetrating the MOF-5 pores provoke interactions between Zn ions and the oxygen atoms of the water through unbonded (electrostatic and Van der Waals) interactions due to the fact that substituents in tetrahedral complexes (Zn 4 O) are usually very labile. This phenomenon provokes in turn the formation of BDC 2− , which in direct interaction with Pb(II) participates in the formation of PbBDC structures according to the possible mechanism (ignoring associated hydrolysis reactions): (27, 35 , and 45 ∘ C) on Pb(II) Removal. To study the removal mechanism, superficial properties, and the affinity of MOF-5 for Pb(II), studies were carried out at 27, 35, and 45 ∘ C for 6 h at pH 5 using a range of initial Pb(II) concentrations (30, 40, 50, 60, 80 , and 100 mg/L). The evolution of the adsorption capacity ( ) versus the initial concentration of Pb(II) ( Figure 6 ) exhibited a directly proportional relationship, reaching maximum values of 325, 239, and 309 mg/g at 27, 35, and 45 ∘ C, respectively.
Effect of Temperature
Adsorption Isotherms.
In this study, equilibrium data were analyzed with the Langmuir and BET adsorption isotherm models at 27, 35, and 45 ∘ C. The Langmuir model describes a single-layer adsorption process [47] . The following equations correspond to the nonlinear form (Equation (3)) and the linearized form (4) of the Langmuir isotherm model [48] :
In these equations, max is the maximum adsorbent capacity (mg/g) and is the Langmuir adsorption constant (L/mg). The constants of the Langmuir model ( max and ) can be evaluated either by nonlinear fitting from (3) or by calculating the slope and the intercept of the linear fitting plot (4), which describes ( / ) as a function of .
The BET model, which is an extension of the Langmuir model, assumes a multilayer adsorption process. The following equations correspond to the nonlinear (5) and linearized form (Equation (6)) of the BET isotherm model [49] :
In these equations, is the BET adsorption constant (L/mg) and the saturation concentration of Pb(II) (mg/L). Both nonlinear and linearized forms of the Langmuir ( (3)- (4)) and BET ( (5)- (6)) isotherms for Pb(II) adsorption at 27 ∘ C are plotted in Figures 7(a) and 7(b) , respectively. Both models could be well fit to the experimental data. Standard nonlinear and linear fitting algorithms ( Figure 7 ) were used to estimate the model parameters, max and , for the Langmuir model, and max and , for the BET model (Table 2) . Good fitting results were obtained for both Langmuir and BET models, although the BET model predicted lower values for the maximal capacity of Pb(II) adsorption at 35 ∘ C. The Langmuir value was 234.7 mg/g, whereas the BET value was 162.3 mg/g.
The maximal capacity of Pb(II) adsorption on MOF-5 was estimated to be 658.5 mg/g (at 45
∘ C) using the Langmuir model with the assumption that adsorption occurs in a specific homogeneous place (single layer). This value is higher than those obtained by other studies with different materials. which corresponds to only 20% of the capacity obtained in this work (Table 3) . These high Pb(II) removal capacities obtained in aqueous media with MOF-5 may be explained by the interaction between the BDC 2− and Pb(II), as reported by Greathouse and Allendorf [31] .
Adsorptive Removal Kinetics.
A kinetic study of Pb(II) removal with MOF-5 was carried out with an initial concentration of 200 mg/L, a pH of 5, and at 27 ∘ C with contact times ranging from 0 to 6 h (Figure 8(a) ). The results showed that maximum Pb(II) removal occurs during the first 30 min, reaching 55 ± 1% of the total Pb(II) removal, which may be explained by the high availability of BCD −2 . After this initial period, the amount of adsorbed Pb(II) nearly stops as equilibrium is attained.
A pseudo-second-order kinetic model [50] was used to analyze the Pb(II) removal kinetics (Figure 8(b) ). Its nonlinear form is given by the following equation:
Its most common linearized form is given by
Here, (mg/g) is the sorption capacity at equilibrium, (mg/g) is the sorption capacity at time (h), and 2 is the rate constant. The initial rate of adsorption (ℎ) (mg/g min) can also be calculated by using the following relation [51] :
As shown in Figure 8 (b), adequate agreement between the model and experimental data was obtained using both the standard nonlinear and linear fitting procedures. High correlation coefficients (0.99) were obtained. The predicted values of are also are close to those found experimentally, suggesting that the adsorption of Pb(II) onto MOF-5 follows pseudo-second-order kinetics. The initial adsorption rate (ℎ), as calculated using (9), was 17% higher (19.88 mg/g min) than the values reported by Sheela and Nayaka [51] for Pb(II) adsorption with NiO nanoparticles (16.45 mg/g min). This difference may be attributed to increased active sites (BDC 2− ) where Pb(II) may coordinate to be adsorbed.
Effect of pH on Pb(II)
Removal. The removal of Pb(II) from aqueous media was measured (at 27 ∘ C) at different pH values, adjusted by the addition of NaOH, to reach pH 6, and HCl, for pH 4 ( Figure 9 ). MOF-5 showed relatively high removal capacities at pH 4 and 6, 750, and 660 mg/g, respectively, but a low value at pH 5 (450 mg/g, without pH adjustment). This behavior may be related to the structure of MOF-5 which has the peculiarity of possessing both acid and basic active sites [52] that may be activated by the change in the pH value (Figure 9 ). 
Conclusions
This study demonstrated that MOF-5 performed adequately the adsorption of Pb(II) from aqueous media through a possible process of interaction (BDC 
